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Natural transformation can lead to exchange of DNA between taxonomically diverse bacteria. In the case of chromosomal 
DNA, homology-based recombination with the recipient genome is usually necessary for heritable stability. In our recent 
study, we have shown that natural transformation can promote the transfer of transposons, IS elements, and integrons 
and gene cassettes, largely independent of the genetic relationship between the donor and recipient bacteria. Additional 
results from our study suggest that natural transformation with species-foreign DNA might result in the uptake of a wide 
range of DNA fragments; leading to changes in the antimicrobial susceptibility profile and contributing to the generation 
of antimicrobial resistance in bacteria. 



Horizontal gene transfer (HGT) enables 
bacteria to utilize genetic variation present 
in their communities including new genes 
and traits. 1,2 Natural transformation is 
characterized by the uptake, integration 
and expression of extracellular DNA 
from the environment into a recipient 
cell that is naturally competent. 3,4 The 
ability to express natural competence has 
been described in at least 60 species of 
bacteria, such as Streptococcus pneumoniae, 
Helicobacter pylori, Neisseria gonorrhoeae 
and Acinetobacter baylyi. A larger number 
of bacterial species is expected to have the 
ability to undergo natural transformation 
if the relevant conditions can be 
identified. 5,6 Natural transformation 
has been demonstrated in a variety of 
environments, such as in human fluids, 7 
in soil, 8 ' 10 in water 11,12 and in foodstuff. 13,14 
Natural transformation is suggested to 
contribute to the genetic variability in 
human pathogens, allowing adaptation to 
the host environment. 15 ' 16 

Mobile genetic elements (MGEs), 
such as transposons and integrons, have a 
well-established role in bacterial genome 
dynamics; contributing to prokaryotic 
evolution and adaptation. Class 1 inte- 
grons with the same composition and 



organization of gene cassette arrays have 
been found in both Gram-negative and 
-positive bacteria, 17,18 in different spe- 
cies, in different geographical places and 
isolated in different periods of time; 19 " 22 
clearly pointing to a role of HGT in the 
dissemination of integrons. Natural trans- 
formation has the potential to promote 
exchange of DNA among taxonomically 
diverse bacteria. 23 However, the contri- 
bution of natural transformation to the 
transfer and integration of integrons in 
the genomes of bacterial populations, and 
hence to the dissemination of associated 
antimicrobial resistance determinants, 
is not established. The heritable stability 
of DNA taken up by natural transforma- 
tion will depend on self-replication (plas- 
mids) or recombination with the bacterial 
genome. 24 Thus, natural transformation 
has been thought to be of limited impor- 
tance in the transfer of chromosomal 
DNA between species due to the lack of 
sufficient DNA sequence similarity for 
homologous recombination to occur. 

In our recent experimental study, 25 
we showed that natural transformation 
with DNA isolated from various bacterial 
sources can result in the successful 
integration of class 1 integrons, gene 



cassettes and transposons in A. baylyi 
BD413; a well-established model 
organism for natural transformation 
studies. 26 We found that several of the gene 
transfer events investigated, had occurred 
independent on the genetic relatedness 
and hence, degree of DNA sequence 
similarity with the donor bacteria. The 
integration of synthetic gene cassettes 
by natural transformation has also been 
shown in Pseudomonas stutzeri. 17 Thus, we 
now ascertain that natural transformation 
can facilitate species-foreign DNA 
acquisitions due to either local DNA 
sequence similarity provided by broadly 
dispersed mobile genetic elements, or by 
transient expression of recombinase genes 
in DNA fragments present in the bacterial 
cytoplasm. 

Three different mechanisms that con- 
tributed to the incorporation of class 
1 integrons in the chromosome of the 
recipient bacterium were detected in our 
study: transposition promoted by an 
IS2cT-composite transposon; transposi- 
tion promoted by Tn27 transposon; and 
homologous recombination occurring 
between similar genes in the flanking 
regions of the donor class 1 integron and 
the recipient genome. 25 The acquisition 
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Table 1. Minimal inhibitory concentration (MIC; ^.g/rnl) of A baylyi isolates obtained on 



transformant-selective plates as determined by the E test method 



Bacterial isolate' 


AM 


CAZ 


CN 


CTX 


K 


SX 


A. baylyi BD413 (recipient strain) 


1 


1.5 


0.064 


1.5 


0.38 


16 


A. baumannii 064 


>256 


n.d. 


>256 


n.d. 


>256 


> 1024 


A baylyi (Abll)5 


12 


n.d. 


0.5 


n.d. 


1 


32 


Abay/y/(Abll)6 


1 


n.d. 


0.38 


n.d. 


>256 


48 


Abay/y/(Abll)L1 


32 


n.d. 


0.38 


n.d. 


0.5 


24 


A. baumannii 65FFC 


64 


>256 


n.d. 


>256 


n.d. 


> 1024 


Abay/y/(Abl)L1 


6 


8 


n.d. 


8 


n.d. 


16 


A baylyi (Abl)L2 


4 


8 


n.d. 


8 


n.d. 


64 


A baylyi (Abl)L3 


0.75 


1.5 


n.d. 


1.5 


n.d 


24 


P. aeruginosa SM 


>256 


n.d. 


16 


n.d. 


n.d. 


> 1024 


A baylyi (Ps)1 


6 


n.d. 


0.19 


n.d. 


n.d. 


24 


Afaay/y/(Ps)L1 


6 


n.d. 


0.5 


n.d. 


n.d. 


24 


A baylyi (Ps)L2 


6 


n.d. 


0.38 


n.d. 


n.d. 


24 


S. enterica Rissen 486 


>256 


n.d. 


n.d. 


n.d. 


n.d. 


> 1024 


A faay/y/ (Sr)1 


4 


n.d. 


n.d. 


n.d. 


n.d. 


16 


S. enterica Typhimurium 490 


>256 


n.d. 


n.d. 


n.d. 


n.d. 


> 1024 


A faay/y/ (St) L1 


6 


n.d. 


n.d. 


n.d. 


n.d. 


64 


A faay/y/ (St)L2 


6 


n.d. 


n.d. 


n.d. 


n.d. 


32 



See reference 25 for details. "A baylyi transformants were named based on the donor from which 
they were acquired: Abll, A. baumannii 064; Abl, A baumannii 65FFC; Ps, P. aeruginosa SM; Sr, 
5. enterica serovar Rissen 486; St, S. enterica serovar Typhimurium 490; antibiotics: AM, ampicillin; 
CAZ, ceftazidime; CN, gentamicin; CTX, cefotaxime; K, kanamycin; SX, sulphamethoxazole. n.d., 
not determined. 



of class 1 integrons and transposons was 
shown to occur at low frequencies from 
related as well as unrelated host species. 
This work represents the first report that 
shows that integron-carrying transposons 
can be transmitted with active trans- 
position during natural transformation 
between bacterial species. The mecha- 
nistic model presented suggests that 
DNA taken up in a single-stranded form 
(ssDNA) can be re-annealed to double- 
stranded DNA (dsDNA) in the bacterial 
cytoplasm, enabling the MGEs present 
on such DNA to actively transpose to 
the recipient's chromosome. We also 
showed experimentally that the conserved 
regions of class 1 integrons provide suffi- 
cient DNA similarity for recombinational 
exchange of gene cassettes between class 
1 integrons present in unrelated species. 
In conclusion, MGEs shared among spe- 
cies can provide sufficient DNA similarity 
for recombination to occur within such 
elements in the process of natural trans- 
formation. Recombination-based replace- 
ment of gene cassettes between integrons 
has also been suggested by others. 28 ' 29 



The majority of the class 1 integrons 
described so far contributes to the dis- 
semination of antimicrobial resistance 
genes (in addition to other gene cassettes 
with unknown function), and our study 
suggest a new pathway for the dissemina- 
tion of antimicrobial resistance between 
genetic divergent bacteria; in addition to 
plasmid-based conjugation. Such natural 
transformation events, even if occurring at 
low frequencies, can be of clinical impor- 
tance as they result in the initial acquisi- 
tion of an integron-carrying MGE. The 
element can subsequently serve as a new 
genetic platform for the efficient capture 
or exchange of additional resistance gene 
cassettes. 

In the course of our studies, we also 
found that the exposure of A. baylyi 
cells to DNA substrates of Acinetobacter 
baumannii, Pseudomonas aeruginosa, 
Salmonella enterica serovar Rissen and 
serovar Typhimurium produced several 
transformants in which we could not 
identify the acquisition of a class 1 inte- 
gron, or other known antimicrobial resis- 
tance genes from the donor strain. These 



transformants showed a reduced suscepti- 
bility profile to some antibiotics, mainly to 
ampicillin and sulphonamides, when com- 
pared with the profile of the unexposed 
recipient bacterium. Table 1 summarizes 
the antimicrobial susceptibility profiles of 
these transformants obtained in our recent 
study. 25 The profiles obtained suggest that 
exposure of competent bacteria to heter- 
ologous DNA may also lead to the transfer 
of other smaller DNA fragments, or pos- 
sibly genetic rearrangements, that affect 
the antimicrobial susceptibility profile of 
the recipient cell. According to the level 
of resistance obtained in some transfor- 
mants (Table 1), we find that the nature 
and scale of such genetic changes cannot 
necessarily be predicted or expected from 
the resistance pattern of the donor strain. 

It is known that a broad range of DNA 
sizes can be acquired after HGT. 30 ' 31 
Transfer of smaller DNA fragments 
(< 1,000 bp) can be associated with the for- 
mation of mosaic genes, leading to changes 
in the antimicrobial susceptibility pattern. 
Interestingly, the formation of mosaic 
genes is known to occur in genes related 
to decreased susceptibility to (3-lactams 
and sulphonamides; and the majority of 
the mosaic genes known are considered a 
result of natural transformation events. 32 
Mosaic genes are frequently found in the 
Penicillin-Binding Protein (PBP) genes 
where blocks of nucleotides found in the 
susceptible strains are intercalated with 
blocks from the resistant ones. For exam- 
ple, Lujan and collaborators 33 found evi- 
dence that the resistance to penicillin in 
two isolates of Neisseria lactamica was due 
to the replacement of a region with 175 bp 
in the penA gene from Neisseria flavescens, 
which codes for the PBP2. Resistance to 
sulphonamides can be due to the mosaic 
allele formation in the dihydropterate syn- 
thase gene, dhps. For instance, the com- 
parison between four resistant strains of 
Neisseria meningitidis with four suscep- 
tible to sulphonamides demonstrated the 
presence of exchanged segments of DNA 
in the dhps gene of the resistant strains. 34 

In most studies published so far, the 
recombination events resulting in mosaic 
genes occurred between isolates belong- 
ing to the same species or same genera. 
In contrast, our study 25 noted changes 
in susceptibility profiles resulting from 
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natural transformation of A. baylyi with 
both related and unrelated donor species 
and genera. In addition to the two genome 
sequences published in our recent study, 25 
the genome of a third isolate growing on 
a transformant-selective agar plate, isolate 
(AbI)L2 was also sequenced. This iso- 
late was obtained from transformation of 
A. baylyi BD413 with DNA from the class 
1 integron-carrying A. baumannii 65FFC 
(carrying the carbapenemase IMP-5), and 
showed decreased susceptibility to ampi- 
cillin, ceftazidime, cefotaxime and sul- 
phamethoxazole (Table 1). Nevertheless, 
we were unable to identify transfer of 
the integron or a (3-lactamase gene from 
the donor. The genome of (AbI)L2 was 
fully sequenced in an attempt to iden- 
tify genetic alterations that may explain 
the reduced antimicrobial susceptibility 
when compared with the recipient strain 
A. baylyi BD413. However, analysis of the 
genome sequence did not reveal indica- 
tions of major DNA acquisitions. 

The change in the resistance profile of 
isolate (AbI)L2 was therefore attempted 
resolved by examining minor nucleotide 
changes in genes known to be involved in 
intrinsic antibiotic resistance in A. baylyi, 
specifically the ACIAD0795, acrB, ampD, 
argH, gph, gshA, hisF, mpl, oprM, pbpG 
and recD genes. 35 The other PBP-coding 
genes, including ACIAD1 184, dacC, fisl, 
pbpA and ponA (GenBank accession num- 
ber CR543861) as well as the ampC gene 36 
present in the recipient A. baylyi were 
also examined for nucleotide changes. 
However, non-synonymous nucleotide 
changes that could explain the reduced 
antimicrobial susceptibility patterns of the 
transformants were not identified. These 
observations suggest that the altered 
antimicrobial susceptibility profiles in 
transformants might be due to smaller 
recombinations events that had occurred 
in other genes (structural or regula- 
tory) that have not been yet described as 
involved in resistance, or the outcome of 
other transferable traits or rearrangements 
of unknown mechanistic and genetic 
nature. Recent studies reported co-trans- 
fer of numerous chromosomal polymor- 
phisms between Hemophilus influenzal 
and S. pneumoniae and Streptococcus mitis 
genomes 38 by natural transformation. 



In conclusion, our results lead us to 
suggest that interspecies horizontal gene 
transfer of chromosomal DNA can lead 
to multiple genetic changes in the genome 
of recipient cells with significant impact 
on the resistance profile. Broader studies 
are necessary to reveal the exact nature 
of such changes and the extent of spe- 
cies influenced by natural transformation 
events influencing their resistance profile. 
Prediction of the host impact and main- 
tenance of such acquired traits may be 
evaluated by determination of fitness cost 
as well as by stability studies. 

Disclosure of Potential Conflicts of Interest 

No potential conflicts of interest were 
disclosed. 

References 

1. Baptesre E, Susko E, Leigh J, MacLeod D, Charlebois 
RL, Doolittle WE Do orrhologous gene phylog- 
enies really support tree-thinking? BMC Evol Biol 
2005; 5:33; PMID:15913459; http://dx.doi. 
org/10.1186/1471-2148-5-33. 

2. Skippington E, Ragan MA. Lateral genetic trans- 
fer and the construction of genetic exchange com- 
munities. FEMS Microbiol Rev 2011; 35:707-35; 
PMID:2 122332 1 ; http://dx.doi.org/ 1 0. 1 1 1 1 /j. 1 574- 
6976.2010.00261.x. 

3. Thomas CM, Nielsen KM. Mechanisms of, and bar- 
riers to, horizontal gene transfer between bacteria. Nat 
Rev Microbiol 2005; 3:711-21; PMID:16138099; 
http://dx.doi.org/10.1038/nrmicrol234. 

4. Lorenz MG, Wackernagel W. Bactetial gene transfer 
by narural genetic transformation in the environment. 
Microbiol Rev 1994; 58:563-602; PMID:7968924. 

5. Johnsborg O, Eldholm V, Havarstein LS. Natural 
genetic ttansformation: prevalence, mechanisms 
and function. Res Microbiol 2007; 158:767-78; 
PMID: 1 799728 1 ; http://dx.doi.org/ 10.101 6/j.res- 
mic.2007.09.004. 

6. Claverys JP, Martin B. Bacterial "competence" genes: 
signatures of active transformation, or only remnants? 
Trends Microbiol 2003; 11:161-5; PMID:12706993; 
http://dx.doi.org/10.1016/S0966-842X(03)00064-7. 

7. Mercer DK, Scott KP, Bruce-Johnson WA, Glover LA, 
Flint HJ. Fate of free DNA and transformation of the 
oral bactetium Streptococcus gordonii DL1 by plasmid 
DNA in human saliva. Appl Environ Microbiol 1999; 
65:6-10; PMID:9872752. 

8. Nielsen KM, van Weerelt MD, Berg TN, Bones AM, 
Hagler AN, van Elsas JD. Natural transformation and 
availability of transforming DNA to Acinetobacter cal- 
coaceticus in soil microcosms. Appl Environ Microbiol 
1997; 63:1945-52; PMID:9143126. 

9. Sikorski J, Graupner S, Lorenz MG, Wackernagel 
W. Natural genetic transformation of Pseudomonas 
stutzeri in a non-sterile soil. Microbiology 1998; 
144:569-76; PMID:9493393; http://dx.doi. 
org/10.1099/00221287-144-2-569. 

10. Chamier B, Lorenz MG, Wackernagel W Natural 
Transformation of Acinetobacter calcoaceticushy Plasmid 
DNA Adsorbed on Sand and Groundwarer Aquifer 
Material. Appl Environ Microbiol 1993; 59:1662-7; 
PMID:16348943. 

1 1 . Paul JH, Frischer ME, Thurmond JM. Gene transfer 
in marine water column and sediment microcosms 
by natural plasmid transformation. Appl Environ 
Microbiol 1991; 57:1509-15; PMID:16348491. 



12. Baur B, Hanselmann K, Schlimme W Jenni B. Genetic 
transformation in freshwater: Escherichia coli is able to 
develop natural competence. Appl Environ Microbiol 
1996; 62:3673-8; PMID:8837423. 

13. Bauer F, Hertel C, Hammes WP. Transformation of 
Escherichia coli in foodstuffs. Syst Appl Microbiol 
1999; 22:161-8; PMID:10390866; http://dx.doi. 
org/ 1 0. 1 016/S0723-2020(99)8006 1 -7. 

14. Wittke A, Lick S, Heller KJ. Transformation of 
Bacillus subtilis in chocolate milk: evidence for low 
frequency of establishment of cells transformed 
under non-selective conditions. Syst Appl Microbiol 
2002; 25:478-82; PMID:12583706; http://dx.doi. 
org/ 1 0. 1 078/072320202605 17599. 

15. Tribble GD, Rigney TW, Dao DH, Wong CT, Kerr 
JE, Taylor BE, et al. Natural competence is a major 
mechanism for horizontal DNA transfer in the oral 
pathogen Porphyromonas gingivalis. MBio 2012; 
3:3; PMID:22294679; http://dx.doi.org/10.1128/ 
mBio.00231-11. 

16. Vegge CS, Brondsted L, Ligowska-Marz ta M, Ingmer 
H. Natural Transformation of Campylobacter jeju- 
ni Occurs Beyond Limits of Growth. PLoS One 
2012; 7:e45467; PMID:23049803; http://dx.doi. 
org/ 10.1 371/journal.pone.0045467. 

17. Moura A, Henriques I, Ribeiro R, CorreiaA. Prevalence 
and characterization of integrons from bacteria iso- 
lated from a slaughterhouse wastewater treatment 
plant. J Antimicrob Chemother 2007; 60:1243-50; 
PMID:17913715; http://dx.doi.org/10.1093/jac/ 
dkm340. 

18. Nandi S, Maurer JJ, Hofacre C, Summers AO. Gram- 
positive bacteria are a major reservoir of Class 1 anti- 
biotic resistance integrons in poultry litter. Proc Natl 
Acad Sci U S A 2004; 1 0 1 :71 1 8-22; PMID: 1 5 1 07498; 
http://dx.doi.Org/l 0. 1073/pnas.03064661 0 1 . 

19. Da Silva GJ, Correia M, Vital C, Ribeiro G, Sousa 
JC, Leitao R, et al. Molecular characterization of 
^(IMP-5), a new integron-borne metallo-p-lactamase 
gene from an Acinerobacter baumannii nosocomial iso- 
late in Portugal. FEMS Microbiol Lett 2002; 215:33-9; 
PMID: 12393 1 97; http://dx.doi.org/ 1 0. 1 0 1 6/S0378- 
1097(02)00896-0. 

20. Brr'zio A, Conceicao T, Pimentel M, Da Silva G, Duarre 
A. High-level expression of IMP-5 carbapenemase 
owing to point mutation in the -35 promoter region of 
class 1 integron among Pseudomonas aeruginosa clini- 
cal isolates. Int J Antimicrob Agents 2006; 27:27-31; 
PMID:16359846; http://dx.doi.org/10. 1016/j.ijan- 
timicag.2005.08.023. 

21. Gombac F, Riccio ML, Rossolini GM, Lagarolla C, 
Tonin E, Monti-Bragadin C, et al. Molecular charac- 
terization of integrons in epidemiologically unrelated 
clinical isolates of Acinetobacter baumannii from kalian 
hospitals reveals a limited diversity of gene cassette 
arrays. Antimicrob Agents Chemother 2002; 46:3665- 
8; PMID:12384388; http://dx.doi.otg/10.1128/ 
AAC.46. 1 1 .3665-3668.2002. 

22. Ribera A, Vila J, Fernandez-Cuenca F, Martinez- 
Martinez L, Pascual A, Beceiro A, et al.; Spanish Group 
for Nosocomial Infection (GEIH). Type 1 integrons 
in epidemiologically unrelated Acinetobacter bauman- 
nii isolates collected at Spanish hospitals. Antimicrob 
Agents Chemother 2004; 48:364-5; PMID:l4693570; 
http://dx.doi.Org/10.1128/AAC.48.l.364-365.2004. 

23. Ochman H, Lawrence JG, Groisman EA. Lateral gene 
transfer and the nature of bacterial innovation. Nature 
2000; 405:299-304; PMID: 10830951; http://dx.doi. 
org/10.1038/35012500. 

24. Frost LS, Leplae R, Summers AO, Toussaint A. Mobile 
genetic elements: the agents of open source evolution. 
Nat Rev Microbiol 2005; 3:722-32; PMID:16138100; 
http://dx.doi.Org/l 0. 1038/nrmicro 1 235 . 

25. Domingues S, Harms K, Fricke WF, Johnsen PJ, 
da Silva GJ, Nielsen KM. Natural transformation 
facilitates transfer of ttansposons, integrons and gene 
cassettes between bacterial species. PLoS Pathog 
2012; 8:el002837; PMID:22876180; http://dx.doi. 
org/1 0. 1 371/journal.ppat. 1 002837. 



www.landesbioscience.com 



Mobile Genetic Elements 



259 



26. Metzgar D, Bacher JM, Pezo V, Reader J, Doring V, 
Schimmel P, et al. Acinetobacter sp. ADP1: an ideal 
model organism for genetic analysis and genome 
engineering. Nucleic Acids Res 2004; 32:5780-90; 
PMID:15514111; http://dx.doi.org/10.1093/nar/ 
gkh881. 

27. Gesral AM, Liew EF, Coleman NV. Natural transfor- 
mation with synthetic gene cassettes: new tools for 
integron research and biotechnology. Microbiology 
2011; 157:3349-60; PMID:21948046; http://dx.doi. 
org/10.1099/mic.0.051623-0. 

28. Hall RM, Collis CM. Mobile gene cassettes and 
integrons: capture and spread of genes by site- 
specific recombination. Mol Microbiol 1995; 
15:593-600; PMID:7783631; http://dx.doi. 
org/10.1 Ill/j.l365-2958.1995.tb02368.x. 

29. Partridge SR, Brown HJ, Hall RM. Characterization 
and movement of the class 1 integron known as 
Tn2521 and Tnl405. Antimicrob Agents Chemother 
2002; 46:1288-94; PMID:1 1959558; http://dx.doi. 
org/10.1 128/AAC.46.5. 1288-1294.2002. 

30. Chan CX, Beiko RG, Darling AE, Ragan MA. Lateral 
transfer of genes and gene fragments in prokaryotes. 
Genome Biol Evol 2009; 1:429-38; PMID:20333212; 
http://dx.doi.org/10.1093/gbe/evp044. 



260 Mobile Genetic Elements Volume 2 Issue 6 



31. Andam CP, Fournier GP, Gogarten JP. Multilevel 
populations and the evolution of antibiotic resistance 
through horizontal gene transfer. FEMS Microbiol 
Rev 2011; 35:756-67; PMID:21521245; http://dx.doi. 
org/10.1 111/j. 1574-6976.201 1.00274.x. 

32. Maiden MC. Horizontal genetic exchange, evolution, 
and spread of antibiotic resistance in bacteria. Clin 
Infect Dis 1998; 27(Suppl l):Sl2-20; PMID:9710667; 
http://dx.doi.org/10. 1 086/5 149 1 7. 

33. Lujan R, Zhang QY, Saez Nieto JA, Jones DM, 
Spratt BG. Penicillin-resistant isolates of Neisseria 
lactamica produce altered forms of penicillin-bind- 
ing protein 2 that arose by interspecies horizontal 
gene transfer. Antimicrob Agents Chemother 1991; 
35:300-4; PMID:2024965; http://dx.doi.org/10.1128/ 
AAC.35.2.300. 

34. Radstrom P, Fermer C, Kristiansen BE, Jenkins A, 
Skbld O, Swedberg G. Transformational exchanges 
in the dihydropteroate synthase gene of Neisseria 
meningitidis: a novel mechanism for acquisition of 
sulfonamide resistance. J Bacteriol 1992; 174:6386-93; 
PMID:1400191. 



35. Gomez MJ, Neyfakh AA. Genes involved in intrinsic 
antibiotic resistance of Acinetobacter baylyi. Antimicrob 
Agents Chemother 2006; 50:3562-7; PMID: 16940057; 
http://dx.doi.org/ 10.11 28/AAC.00579-06. 

36. Beceiro A, Perez-Llarena FJ, Perez A, Tomas MdelM, 
Fernandez A, Mallo S, et al. Molecular characteriza- 
tion of the gene encoding a new AmpC beta-Iacta- 
mase in Acinetobacter baylyi. J Antimicrob Chemother 
2007; 59:996-1000; PMID: 17403709; http://dx.doi. 
org/10.1093/jac/dkm070. 

37. Mell JC, Shumilina S, Hall IM, Redfield RJ. 
Transformation of natural genetic variation into 
Haemophilus influenzae genomes. PLoS Pathog 
2011; 7:el002151; PMID:21829353; http://dx.doi. 
org/ 10.1371 /journal.ppat. 1002151. 

38. Sauerbier J, Maurer P, Rieger M, Hakenbeck R. 
Streptococcus pneumoniae R6 interspecies transforma- 
tion: genetic analysis of penicillin resistance deter- 
minants and genome-wide recombination events. 
Mol Microbiol 2012; 86:692-706; PMID:22931193; 
http://dx.doi.org/! 0. 1111 /mmi. 1 2009. 



